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zeolites and their use in liquid chromatography. The zeolite
material may be used in the chromatographic separation of
mixtures of components, such as the separation of enanti-
omers.
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PREPARATION AND USE OF CHIRAL
ZEOLITES FOR LIQUID
CHROMATOGRAPHY

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 61/097,810, filed Sep. 17, 2008,
the entire contents of which are hereby incorporated herein by
reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates generally to the liquid
chromatographic separation of components in a mixture.
More particularly, the invention pertains to chiral zeolites as
stationary phase for liquid chromatography columns, the
preparation of this material, and methods of separating com-
ponents, such as enantiomers, using this material.

[0004] II. Related Art

[0005] A molecule is chiral if it cannot be superimposed
upon its mirror image and would exhibit optical activity.
Enantiomers are examples of chiral compounds which have
the same molecular formula and connectivity, but different
orientation in three dimensional space. Their orientation in
space is in such a way that they are the minor images of one
another. A simple example would be right and left handed
gloves. Such characteristics often influence their chemical
interaction with the surrounding environment and may pro-
vide each with different types of interactions with proteins or
other agents (Neue, 1997).

[0006] This differential behavior of enantiomers often
becomes crucial in the synthesis and purification of pharma-
ceutical agents. A typical goal of pharmaceutical companies
is to either make an agonist or antagonist for a cell surface
receptor. For example, in the case of familial hypercholester-
olemia disease, either the cholesterol receptors are defective
in their structures or they are not synthesized at a normal rate.
Both types of deficiencies result from an underlying genetic
defect. The medication Lipitor® (atorvastatin), an R enanti-
omer, inhibits the enzyme that synthesizes cholesterol in the
liver, causing a 25-45% drop in the serum cholesterol level.
Side effects of such medication are usually nausea, vomiting,
liver necrosis, muscle degeneration and fatigue. The main
cause of such adverse effects is the presence of the S enanti-
omer, synthesized during manufacturing. The undesired
enantiomer interacts differently at sites other than the choles-
terol receptor site. Separation of the R and S enantiomers,
therefore, is beneficial.

[0007] Pharmaceutical companies also use chirality as a
tool to extend their patent lives of their blockbuster drugs.
One example is the commercialization of the drug Nexium®
by AstraZeneca. Nexium® is the S enantiomer of a racemic
mixture previously sold as Prilosec®. The patent for
Prilosec® expired in 2002 at which time the company then
marketed the S enantiomer, Nexium®, to generate another
decade of a blockbuster anti-ulcer drug sales (Stinson, 2007).
[0008] Another example of the importance of chirality lies
in the purity analyses required by governmental agencies with
respect to the manufacture and selling of pharmaceuticals.
Regulatory authorities require thorough documentation
regarding a drug substance, including chiral purity and sta-
bility. These requirements create a growing demand for rapid,
precise and sensitive methods for analysis of enantiomeric
purity (Peterson, 1997).
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[0009] Liquid chromatography is a method commonly used
to separate and purify components such as organic molecules
and proteins. In this method, a stationary phase is subjected to
mobile liquid phase in which a mixture of compounds is
dissolved. In liquid chromatography that employs a column,
the stationary phase is packed into the column and the liquid
phase that carries the mixture to be analyzed passes through
the column. Various properties of the components of the
mixture, as well as the chosen stationary and mobile phases,
may be exploited in order to best separate the components,
such that the separate components elute from the column at
different times. Unfortunately, enantiomers are often not eas-
ily separable by techniques that can separate other isomers or
components due to their similar chemical structures.

[0010] There has never been a single liquid chromatogra-
phy column capable of separating all enantiomeric mixtures.
Thus, there is a perpetual demand for the development of new
liquid chromatography columns for separation as more mol-
ecules are synthesized whose enantiomers exhibit different
physiological characteristics.

SUMMARY OF THE INVENTION

[0011] The present invention involves the preparation and
use of chiral zeolites. These zeolites may be used as the
stationary phase in liquid chromatography for the chromato-
graphic separation of components of a liquid sample. Such
components may be enantiomers. The chiral zeolites of the
present invention, which may be prepared in an inexpensive
and relatively simple procedure, may be packed into liquid
chromatography columns of any size or type (e.g., analytical,
preparatory, normal phase, reversed-phase, high performance
liquid chromatography (HPLC) columns, etc.).

[0012] In general, chiral zeolites are prepared by a method
that comprises refluxing a mixture comprising a chiral
organic compound, sodium silicate, and AI** such that a
crystalline zeolite structure is formed that incorporates the
chiral organic compound. The zeolite is then calcinated such
that the chiral organic compound is degraded or evaporates,
leaving behind chiral pores in the zeolite. As discussed herein,
if the chiral organic compound is a cation, additional cationic
species (e.g., alkali metal ions) are typically not needed to be
added to the mixture to be refluxed. If the chiral organic
compound is not a cation, such cationic species may need to
be added to promote crystalline zeolite formation.

[0013] In certain embodiments, following the preparation
of a first chiral zeolite using a first chiral organic compound,
an enantiomer of that chiral organic compound may be used
to generate a second chiral zeolite. A liquid sample compris-
ing two or more components may be separately subjected to
each type of zeolite material as comprised in separate col-
umns such that the components elute from each column in a
different (e.g., opposite) order or with varying degrees of
separation (e.g., peak overlap). This may allow for better
analysis or separation of those components. This option of
preparing a “mirror image” column is often not possible in
other types of chromatography.

[0014] Furthermore, a variety of components may be sub-
jected to the chiral zeolites for chromatographic separation,
including organic compounds (including polymers), peptides
and proteins. For example, organic compounds having a par-
ticular molecular weight, as described above in the definition
of organic compounds, may be separated using the materials
and methods described herein, in certain embodiments. The
components may be charged or uncharged. Thus, for
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example, uncharged organic molecules having a molecular
weight of 100-1000 g/mol may be separated, in certain
embodiments. The components may be chiral or achiral. For
example, separation of two enantiomers may be performed,
such as enantiomers that are organic molecules having a
molecular weight of 100-1000 g/mol. Peptides of 1-10 amino
acids in length, for example, may be separated. A variety of
drugs may be separated, such as non-steroidal anti-inflamma-
tory (NSAID) drugs may be separated, in certain embodi-
ments. In certain embodiments, organic compounds compris-
ing an alcohol substituent may be separated from other
components in a mixture. In certain embodiments, compo-
nents exhibiting a particular hydrophobicity may be sepa-
rated. Methods of measuring hydrophobicity are well-known
in the art, including methods based on a component’s water/
octanol partition coefficient. Thus, for example, compounds
exhibiting a water/octanol partition coefficient within two
water/octanol partition coefficient values (log P) of trans-2-
(N-methyl-N-phenylamino)cyclohexanol (MPAC), trans-2-
(1-methyl-1-phenylethyl)cyclohexanol (TCC), or ibuprofen
may be employed. Combinations of any of these or other
chemical classes or properties known to those of skill in the
art may characterize types of components that may be sepa-
rated using the materials and methods discussed herein.
[0015] The pores of the zeolites, which are typically much
larger than the size of individual components, may interact
with components in a manner that differs from the stationary
phases used in other types of chromatography, such as size-
exclusion chromatography or ion-exchange chromatography,
thus allowing for better chromatographic separation of the
components.

[0016] Chiral zeolite liquid chromatography columns as
described herein may be employed using a wide range of pH
and pressure values. For example, a pH range of about 5-10
and pressure ranges up to those typically employed in HPL.C
(e.g., up to 1000 psi) may be used with the chiral zeolites
described herein.

[0017] Accordingly, the present invention generally relates
to a packing material for liquid chromatography comprising
zeolites, wherein the zeolites comprise a plurality of chiral
pores. Herein, zeolites that comprise a plurality of chiral
pores are termed “chiral zeolites.” The chiral pores may be
formed, for example, by evaporation or degradation of a
chiral organic compound, as defined herein. In certain
embodiments, a chiral organic compound may have a
molecular weight of about 200-700 g/mol. In certain embodi-
ments, the chiral organic compound is further defined as a
compound of formula (I):

RZ\B/ _
|

PN /G\

HO
b

wherein: A, B, D, E and G are each independently carbon or
nitrogen; R, -R, are each independently absent, hydrogen, or
alkyl ., wherein if any of A, B, D, E, or G is nitrogen, then
R,-R; is absent; Ry is alkyl c_); R;-R,, are each indepen-
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dently hydrogen, or alkyl_,,; the bonds marked “a” and *“b”
are cis or trans to one another; and n=0 or 1, such that when
n=0, then the ring marked as “B” is a five-membered ring, and
when n=1, the ring marked as “B” is a six-membered ring.
Compounds of formula (I) may be prepared synthetically, as
described herein, or purchased from commercial sources. In
certain embodiments, at least four of R;-R, and R-R, are
hydrogen. In certain embodiments, each of R|-R5 and R,-R,
is hydrogen. In certain embodiments, R is methyl. In certain
embodiments, one or two of A, B, D, E and G are nitrogen. In
other embodiments, each of A, B, D, E and G are carbon. In
certain embodiments, the “a” and “b” bonds are cis, whereas
in other embodiments, the “a” and “b” bonds are trans. In
particular embodlments n=1. In certain embodiments, n=0.

[0018] In certain embodiments regarding compounds of
formula (I), the compound of formula (I) may be further
defined as trans-2-(N-methyl-N-phenylamino)cyclohexanol
or cis-2-(N-methyl-N-phenylamino)cyclohexanol. In certain
embodiments, trans-2-(N-methyl-N-phenylamino)cyclohex-
anol is further defined as 18S,28-2-(N-methyl-N-pheny-
lamino)cyclohexanol. In certain embodiments, trans-2-(N-
methyl-N-phenylamino)cyclohexanol is further defined as
1R,2R-2-(N-methyl-N-phenylamino)cyclohexanol. These
structures are shown below.

.

(18,28)-2-(methyl (phenyl)amino)cyclohexanol

©/ N:O
HO

(1R,2R)-2-(methyl(phenyl)amino)cyclohexanol

[0019] The packing material may been calcinated at tem-
peratures ranging from about 525-575°¢ C., for example. In
certain embodiments of this or any other embodiment
described herein, the temperature is about, at most about, or at
least about 525, 526, 527, 528, 529, 530, 531, 532, 533, 534,
535, 536, 537, 538, 539, 540, 541, 542, 543, 544, 545, 546,
547, 548, 549, 550, 551, 552, 553, 554, 555, 556, 557, 558,
559, 560, 561, 562, 563, 564, 565, 566, 567, 568, 569, 570,
571,572,573,574, 0r 575° C., or any range derivable therein.
[0020] Non-limiting examples of liquid chromatography in
this or any other embodiment herein include no-pressure
liquid chromatography (wherein gravity is utilized), low-
pressure liquid chromatography and high performance liquid
chromatography (HPLC). These and other types of liquid
chromatography are well-known in the art.

[0021] The present invention also contemplates a liquid
chromatography column comprising a packing material that
comprises zeolites, wherein the zeolites comprise a plurality
of chiral pores. The liquid chromatography column may be,
for example, a no-pressure, low-pressure, or HPLC column.
In particular embodiments, the liquid chromatography col-
umn is an HPL.C column. The HPL.C column may be a normal
phase HPLC column or a reversed-phase HPLC column, as
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those terms are known in the art. The chiral pores may be
formed by any method described herein, such as by evapora-
tion or degradation of a chiral organic compound, such as a
chiral organic compound having a molecular weight of about
200-700 g/mol. The chiral organic compound may be a com-
pound of formula (1), as that formula is described above.
[0022] Other general aspects of the present invention con-
template a method of making a packing material for liquid
chromatography comprising: (a) forming a first mixture by
combining sodium silicate and a compound of formula (I), as
that formula is described above; (b) adding Al** to the first
mixture to form a second mixture; (c) refluxing the second
mixture; and (d) calcinating the second mixture to form the
packing material. The source of AI’* may be aluminum
hydroxide, for example, or any other aluminum salt, such as
aluminum acetate or aluminum chloride. Methods of the
present invention may further comprise packing a liquid chro-
matography column with the packing material. Persons of
skill in the art are familiar with methods of packing liquid
chromatography columns. Methods may further comprise
adding aminopropyltriethoxysilane (APTS) to either the first
or second mixture before refluxing. In certain embodiments,
the molar ratio of aminopropyltriethoxysilane to the com-
pound of formula (I) is about 0.1:2 to 2:0.1. In certain
embodiments, the ratio is about 0.75:1.25 to 1.25:0.75. In
certain embodiments, the ratio is about 1:1. The molarratio of
sodium silicate to the compound of formula (I) may range
from about 0.1:2 to 2:0.1, for example. In certain embodi-
ments, the ratio is about 0.1:1 to 1:1. In certain embodiments,
the range is about 0.3:1. The calcination temperature may be
performed at a temperature ranging from about 525-575° C.,
or any temperature within this range, as described above.
[0023] Incertain embodiments, methods may further com-
prise washing the second mixture with at least one organic
solvent. The organic solvent may be a polar solvent, such as
methanol, ethanol, isopropanol, or acetonitrile. The organic
solvent may be a non-polar solvent, such as pentane, hexanes,
or toluene. The second mixture may alternatively be washed
with a polar solvent and then a non-polar solvent, or vice-
versa.

[0024] Methods of separating components in a liquid mix-
ture are also contemplated. Such methods may comprise lig-
uid chromatographic separation of at least two components
comprised in a liquid composition, comprising subjecting the
liquid composition to the packing material described herein.
By “separation,” it is meant that a component of interest is
separated from other components in a mixture such that the
purity of the component of interest is improved compared to
the purity of the component prior to the chromatographic
separation. By “subjecting,” it is meant that the liquid is
placed into physical contact with the packing material. Typi-
cally, the components in the liquid mixture are dissolved in a
liquid or combination of liquids prior to subjecting them to
the packing material. In certain embodiments, at least two of
the components are enantiomers. The packing material may
be comprised in a liquid chromatography column, as
described herein, such as a normal phase liquid chromatog-
raphy column, a reversed-phase liquid chromatography col-
umn, or an HPLC column.

[0025] Also contemplated by the present invention is an
isolated compound defined as 18S,25-2-(N-methyl-N-pheny-
lamino)cyclohexanol. By “isolated,” it is meant that the com-
pound is substantially free of other enantiomers. By “substan-
tially free,” it is meant that any other enantiomers are present
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in a total amount of less than 0.5%. In certain embodiments,
any other enantiomers are present in a total amount of less
than about 0.5%, 0.4%, 0.3%, 0.2%, 0.1%, or lower, or any
range derivable therein.

[0026] A method of making isolated 1S,2S-2-(N-methyl-
N-phenylamino)cyclohexanol is also contemplated by the
present invention, comprising: (a) preparing a first mixture
comprising 1S,28-2-(N-methyl-N-phenylamino)cyclohex-
anol and 1R,2R-2-(N-methyl-N-phenylamino)cyclohexanol;
(b) combining the first mixture with a C,-Cy, fatty acid to
form a second mixture that comprises an ester of 1R,2R-2-
(N-methyl-N-phenylamino)cyclohexanol; and (c¢) reacting
the second mixture with Candida rugosa lipase; and (d) iso-
lating  1S,2S-2-(N-methyl-N-phenylamino)cyclohexanol.
Isolation may be performed by, for example, chromatogra-
phy, such as radial chromatography. The fatty acid may be a
C,-C5, fatty acid, such as lauric acid. The method may further
comprise monitoring the reaction of step (c¢) for the produc-
tion of the ester of 1R,2R-2-(N-methyl-N-phenylamino)cy-
clohexanol. In certain embodiments, cyclohexane is com-
bined with the components of step (a) and (b). Methods of
preparing the racemic mixture of part (a) are well-known in
the art. See, e.g., Swamy and Raghavendra, 2002, incorpo-
rated herein in its entirety.

[0027] Asusedherein, “zeolite” is a generic name for crys-
talline aluminosilicates and refers to a crystalline complex
oxide where aluminum and silicon atoms are tetrahedrally
coordinated.

[0028] In certain methods of the present invention, chiral
organic compounds are combined with silica during prepara-
tion of silica gel, followed by calcination of the silica gel to
form a packing material, which may be a chiral zeolite. As
discussed herein, calcination removes the chiral organic com-
pounds through the use of heat, such as by evaporation or
degradation, such that pores are left behind in the packing
material. As used herein, these pores are called “chiral pores.”
[0029] Persons of skill in the art are familiar with the term
“organic compounds.” Organic compounds of the present
invention include chiral organic compounds. In certain
embodiments, organic compounds of the present invention
are small organic molecules having a molecular weight of 750
g/mol or less. In certain embodiments, organic compounds
are polymers. In certain embodiments, the organic compound
has a molecular weight of less than 500,000 g/mol. In certain
embodiments, the organic compound has a molecular weight
of about, at least about, or at most about 500,000, 450,000,
400,000, 350,000, 300,000, 250,000, 200,000, 150,000, 100,
000, 75,000, 50,000, 25,000, 10,000, 9000, 8000, 7000, 6000,
5000, 4000, 3000, 2000, 1000, 750, 500, 250, or 100 g/mol, or
lower, or any range derivable therein. In certain embodi-
ments, the organic compound has a molecular weight of
higher than 500,000 g/mol. An organic compound may be a
chiral organic compound, which is defined below.

[0030] The term “alkyl” refers to a non-aromatic monova-
lent group having a saturated carbon atom as the point of
attachment, a linear or branched, cyclo, cyclic or acyclic
structure, no carbon-carbon double or triple bonds, and no
atoms other than carbon and hydrogen. The groups, —CH,
(Me), —CH,CHj; (Et), —CH,CH,CH; (n-Pr), —CH(CH;),
(iso-Pr), —CH(CH,), (cyclopropyl), —CH,CH,CH,CHj,
(n-Bu), —CH(CH;)CH,CH; (sec-butyl), —CH,CH(CH,),
(iso-butyl), —C(CH,); (tert-butyl), —CH,C(CH,); (neo-
pentyl), cyclobutyl, cyclopentyl, cyclohexyl, and cyclohexy-
Imethyl are non-limiting examples of alkyl groups.
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[0031] For any embodiment that employs an alkyl group,
such as described in the compound of formula (I) above, a
substituted alkyl group may alternatively be employed. The
term “substituted alkyl” refers to a non-aromatic monovalent
group, having a saturated carbon atom as the point of attach-
ment, a linear or branched, cyclo, cyclic or acyclic structure,
no carbon-carbon double or triple bonds, and at least one
atom independently selected from the group consisting of N,
O, F, Cl, Br, I, Si, P, and S. The following groups are non-
limiting examples of substituted alkyl groups: —CH,OH,
—CH,Cl,—CH,Br, —CH,SH, —CF,, —CH,CN, —CH,C
(O)H, —CH,C(0)OH, —CH,C(0O)OCH,;, —CH,C(O)NH,,

— CH,C(O)NHCH,, —CILC(O)CH,, —CH,OCH,,
— CH,OCH,CF,,  —CH,0C(O)CH,,  —CH,NH,,
— CH,NHCIL,, — CH,N(CH,),. — CH,CH,CI,
— CH,CH,0H, —CH,CF,, —CH,CH,0C(O)CH,,

—CH,CH,NHCO,C(CH,);, and —CH,Si(CH,);.

[0032] A “stereoisomer” or “optical isomer” is an isomer of
a given compound in which the same atoms are bonded to the
same other atoms, but where the configuration of those atoms
in three dimensions differs. “Enantiomers,” which are chiral,
are stereoisomers of a given compound that are mirror images
of each other, like left and right hands. “Diastereomers” are
stereoisomers of a given compound that are not enantiomers.
Chiral organic compounds comprise at least one chiral center,
which is an sp> hybridized carbon atom that is bonded to four
different substituents.

[0033] The terms “a” and “an” are defined as one or more
unless this disclosure explicitly requires otherwise.

[0034] The use of the term “or” in the claims is used to
mean “and/or” unless explicitly indicated to refer to alterna-
tives only or the alternatives are mutually exclusive, although
the disclosure supports a definition that refers to only alter-
natives and “and/or”

[0035] The term “about” refers to ranges within 10%, such
as within 5%, within 1%, or within 0.5% of what is specified.
[0036] The terms “comprise,” “have” and “include” are
open-ended linking verbs. Any forms or tenses of one or more
of these verbs, such as “comprises,” “comprising,” “has,”
“having,” “includes” and “including,” are also open-ended.
For example, any method that “comprises,” “has,” or
“includes” one or more steps is not limited to possessing only
those one or more steps and also covers other unlisted steps.
Furthermore, a device or structure that is configured in a
certain way is configured in at least that way, but may also be
configured in ways that are not listed.

[0037] Other features and associated advantages will
become apparent with reference to the following detailed
description of specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] The following drawings form part of the present
specification and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one of these drawings in combi-
nation with the detailed description of specific embodiments
presented herein.

[0039] FIG.1. HPLC chromatogram monitoring esterifica-
tion reaction during racemic MPAC resolution. Chiralcel®
0O1J; 5% isopropanol, 95% hexanes; 1 mL/min.

[0040] FIGS. 2-6. Scanning electron micrographs of chiral
zeolites formed with the 1S,2S MPAC enantiomer calcined at
various temperatures. FIG. 2A: 350° C., where the 1S,2S
MPAC enantiomer is still retained in the bulk of the gel. FIG.
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2B: 400° C., showing some cracking and evaporation of the
18,28 MPAC enantiomer from the sample. FIG. 3A: 450° C.
showing little difference from the 400° C. sample. FI1G. 3B:
500° C., where pores are barely forming. FIG. 4A: 550° C.,
showing formation of ordered pores. FIG. 4B: 550° C., show-
ing a different view of ordered pores. FIG. 5A: 575° C.,
showing formation of fibers. FIG. 5B: 600° C., showing tube-
like structures. FIG. 6 A: 650° C., with closure and fusion of
the ordered pores observed at 550° C.

[0041] FIG. 7. HPLC chromatogram of resolution of trans-
2-(1-methyl-1-phenylethyl)cyclohexanol (TCC) using a
chiral 1S,2S MPAC enantiomer zeolite column. 85% isopro-
panol, 15% hexanes; 0.5 mL/min.

[0042] FIG. 8. Scanning electron micrographs of chiral
zeolites at varying sodium silicate:1S,2S MPAC enantiomer
ratios. FIG. 8A: 1:0.25 sodium silicate:1S,2S MPAC enanti-
omer. FIG. 8B: 1:2 sodium silicate: 1S,2S MPAC enantiomer.

DETAILED DESCRIPTION OF THE INVENTION

[0043] The present invention is based on the discovery that
chiral zeolites may be prepared and employed as a packing
material in liquid chromatographic separation of components
in a mixture. The packing material, which acts as the station-
ary phase in liquid column chromatography, allows for the
separation of a variety of types of components, including
enantiomers.

1. Chromatography
[0044] Chromatography generally comprises all separation
techniques in which analytes partition between different
phases that move relative to each other or exhibit different
velocities. In most chromatography techniques, one phase is
stationary while the other is mobile. As discussed above, in
liquid chromatography, the mobile phase is a liquid and the
stationary phase is either an immobilized liquid or a solid.
High performance liquid chromatography (HPLC) includes
all techniques which require elevated pressures to force the
liquid through a packed bed of a stationary phase.
[0045] Traditional HPL.C employs a polar adsorbent, such
as silica or alumina, and a non-polar mobile phase, such as
chloroform or petroleum ether. This type is known as normal
phase chromatography, and it involves the interaction of polar
analytes with polar sites on the surface of the packing. How-
ever, the technique has lost favor in view of the development
of reversed-phase chromatography with a few exceptions.
[0046] Inreversed-phase chromatography, a non-polar sta-
tionary phase is used in conjunction with a highly aqueous
and polar mobile phase. About 80% of all HPL.C applications
employ reversed-phase chromatography (Neue, 1997). Some
applications, such as protein separation, require a less hydro-
phobic-reversed phase. Proteins can easily be denatured by
both polar and organic mobile phases. The hydrophobicity of
the stationary phase may also need to be less so that the
mobile phase used can be water or a diluted buffer. The
technique employed in this case is called hydrophobic inter-
action chromatography. The analytes are adsorbed onto the
packing in a buffer with a high salt concentration, and eluted
with a buffer of low ionic strength.
[0047] Chiral chromatography is another type of liquid
chromatography. One type of chiral chromatography relies
upon modification of silica with an organic compound (typi-
cally chiral) such that the organic compound preferentially
interacts with a particular enantiomer in a liquid racemic
mixture. This type thus uses a “bonded” chiral stationary
phase (CSP). Care must be taken when employing bonded
CSP so as not to disrupt the bond between the organic com-
pound and the silica.
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II. Chromatography Columns

[0048] A. Silica

[0049] Most HPLC column packing materials are silica-
based, and other types of chromatography also employ silica.
The advantages of silica are its strength at high pressures, and
its size stability upon exposure to different solvents. It does
not swell or shrink in different solvents. However, the disad-
vantage of using silica in HPLC is the dissolution of silica at
alkaline pH. The composition of the liquid mobile phase, the
temperature and the chemistry of the surface bed affects the
rate of the dissolution of'silica. But, there are conditions, such
as low temperature and use of various solvent modifiers,
which can be maintained so that the silica beddings can with-
stand pHs up to, for example, 9.0 for a sustained period of
time (Ahuja, 1991).

[0050] The surface of silica is composed of silanols and
siloxane bridges or vicinal silanols:

HO

\\\\‘ I \

AL X

silanol
OH OH

}{ \\O/ ¥ ;i

siloxane bridge
or vicinal silanol

[0051] The surface of fully hydroxylated silica, without
metal impurities, has a pH of around 3. Thus, silanols are
considered to be acidic. The adsorption centers are silanols in
normal phase chromatography. Silanols are very hydrophilic
and reactive towards the polar components of an analyte and
a solvent. In surface modification of silica, silanols are the
focus of interest. Siloxane bridges are very hydrophobic and
unreactive (Ahuja, 1997).

[0052] B. Zeolites

[0053] Zeolites are crystalline microporous aluminosili-
cates with interconnected three-dimensional ordered cavities
or pores. One can prepare zeolites from silica or modified
silica. Within the cavities can lie cations, such as ammonium
species, which balance the negative charges of aluminum (L.i
et al., 1999). Molecules of specific sizes and three-dimen-
sional orientations can enter the pores (Arslan et al., 2006).
Smaller or larger ones are not allowed and pass through. This
unique property of zeolites may allow separation of mixtures
that is not possible by other means (Arslan et al., 2006).
[0054] Alkali metal cations assist in the nucleation and
crystal growth of zeolites by affecting the polymerization of
the sodium silicate in the reacting gel. Sodium and potassium
are non-limiting examples of such cations that may be used
for this purpose (Yamanoto et al., 2003). Employing cations
promotes the formation of crystalline layered zeolites as
opposed to amorphous silica, which does facilitate compound
separation (Yamanoto et al., 2003).

[0055] The size of the surface directing agent (SDA) can
affect the crystalline structure and pore size of the zeolite
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(Wang etal., 2001). Larger chain hydrocarbons, for example,
result in a wider pores (Rhodes et al., 2000).

[0056] As described by the present invention, chiral zeo-
lites are aluminosilicates which have chiral pores. If a chiral
zeolite is packed into a liquid chromatography column and
subjected to a liquid comprising, for example, a pair of enan-
tiomers, one of the enantiomers may enter the column and be
retained longer, allowing the otﬁer enantiomer to pass
through and elute first. Use of such zeolites may assist in
separatln%enantiomers that may not be separable other chro-
matography methods. Other components of liquids may be
seplallrated using the chiral zeolites of the present invention as
well.

[0057] To prepare chiral zeolites for use in liquid chroma-
tography, chiral organic compounds are incorporated into
zeolite silica during the synthesis of silica gel, followed by
calcination for several hours (Lee, 2000; Swamy and Raghav-
endra, 2002; Nalwa, 2001). As a result, the chiral organic
compounds are degraded or evaporated, leaving behind chiral
pores in the material, called a packing material or a chiral
stationary phase (CSP) (Huang et al., 2000; Wang et al., 2000;
Lee et al., 2001). In this regard, the chiral organic compound
may be considered a structure direction agent, or SDA. The
CSP is then packed into a column. As discussed herein, gen-
eration of chiral zeolites takes place in few steps, resulting in
an inexpensive and rapid manufacturing method. Variation in
the molar ratio of substrates that allows for optimization of
the chiral zeolites can be performed efficiently due to the
simplicity of the preparation procedures (Zones et al., 2005).
[0058] Zeolites, such as chiral zeolites, may be character-
ized using a variety of methods, including electron diffraction
spectroscopy (EDS) and scanning electron microscopy
(SEM). EDS permits a structural analysis of the zeolites and
SEM allows for the analysis of the morphology and the sur-
face distribution of the silica-based stationary phase.

[0059] Without being bound by theory, the inventors
believe that the proximity of the hydroxyl hydrogen in the cis-
and trans-2-(N-methyl-N-phenylamino)cyclohexanols
described herein is shared with the nearby amino nitrogen
such that a partial charge is imparted onto the nitrogen group.
This partial cationic charge may assist in the formation of
crystalline silica. It should be noted that other chiral organic
compounds may be designed to exploit such a feature in the
formation of crystalline silica for chiral zeolites. Moreover, if
a chiral organic compound does not possess such a feature,
external alkali metal salts may be added to promote the for-
mation of crystalline silica for chiral zeolites.

III. Examples

[0060] The following examples are included to demon-
strate certain preferred embodiments of the invention. It
should be appreciated by those of skill in the art that the
techniques disclosed in the examples which follow represent
techniques discovered by the inventor to function well in the
practice of the invention, and thus can be considered to con-
stitute preferred modes for its practice. However, those of
skill in the art should, in light of the present disclosure,
appreciate that many changes can be made in the specific
embodiments which are disclosed and still obtain a like or
similar result without departing from the spirit and scope of
the invention.

[0061] All reagents discussed in the Examples below are
commercially available from known suppliers, such as
Sigma-Aldrich.

Example 1
Synthesis of y-Aminopropyl Silica Gel

[0062] The synthesis of y-aminopropyl silica gel was car-
ried out by reacting aminopropyl tricthoxysilane (APTS)
with commercial 5 pm particle size silica (SiO,) gel (Lee,
2000). y-Aminopropyl silica gel was then used in Example 4.
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Example 2

Synthesis of Racemic trans-2-(N-methyl-N-pheny-
lamino)cyclohexanol (MPAC)

[0063]
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O/ N:O ©/ N\Cj
HO HO\\\“‘

(1R,2R)-2-(methyl(phenyl)amino)cyclohexanol

Racemic trans-2-(N-methyl-N-phenylamino)cyclohexanol

[0064] To a 500 mL round bottom flask was added 100 mL
of 1.2 M potassium t-amylate in cyclohexane (0.12 moles)
and 41.7 mL of cumene (0.3 moles) under a constant flow of
nitrogen gas. Then 10.8 mL of N-methylaniline (0.1 moles)
was added to the reaction mixture while the reaction was
continuously stirred. n-Butyllithium (46 mL. of a 2.2 M solu-
tion, 0.1 moles) was added and the resulting amide was left
stirring for two days. Cyclohexene oxide (10.1 mL, 0.1
moles) was added. After 24 hours, the reaction was quenched
by carefully adding water under the flow of nitrogen. Washing
of the product with 100 mL of distilled water yielded two
layers of which the organic layer was extracted. Repeated
rotovapor distillations removed most of the cumene. Any
leftover cumene after rotovapor distillation was removed by
vacuum horizontal distillation. This device employs a
vacuum (<1 mm Hg) and liquid nitrogen to trap cumene,
which distilled at about 85° C., but 16 g of racemic MPAC
(0.075 moles, 75% yield) distilled at 120° C. The product,
MPAC, was analyzed by NMR spectroscopy and the spec-
trum confirmed the presence of the compound when it was
compared to that of literature (Swamy and Raghavendra,
2002).

[0065]
indicated that there may be a small amount of trans-2-(1-

When the presence of a few extra peaks in the NMR

methyl-1-phenylethyl)cyclohexanol (TCC) in the product,
the product was exposed to the flow of hydrogen chloride gas
for one hour in order to protonate the product, MPAC. TCC
was not protonated and was separated. The MPAC salt was
placed inside the refrigerator over night and the product
solidified. The portion of materials in the flask that did not
solidity and stayed in the liquid form is most likely the con-
taminant, TCC. The solid material was the compound of
interest and the contamination was decanted or drained off.
To recover the sample, it was washed with concentrated
potassium hydroxide solution three times and the free amine
was vacuum distilled two times to remove solvent. The
sample was analyzed by NMR spectroscopy and the presence
and purity of the final product, trans-2-(N-methyl-N-pheny-
lamino)cyclohexanol, was confirmed (Swamy and Raghav-
endra, 2002).

(18,28)-2-(methyl(phenyl)amino )cyclohexanol

Example 3

Resolution of MPAC Enantiomers

[0066]
"y
Candida rugosa HO
lipase
cyclohexane
lauric acid N
HO\\\‘“.
N, N
0 : Ho™” :
(18,28)-2-
(methyl(phenyl)amino)cyclohexanol
O (CHy)10CH3
[0067] Resolution of enantiomers of racemic MPAC from

Example 2 was accomplished using Candida rugosa lipase,
which is a natural biological enzyme. For every 10 mmoles or
2.11 g of MPAC, 6.6 g of lipase, 40 mL of cyclohexane, and
10 mmoles or 2 g of lauric acid were used. The reaction was
leftat 38° C. for 48 hours after which esterification was tested
using chiral HPLC (Chiralcel® OJ; 5% isopropanol and 95%
hexanes; 1 mL per minute). Formation of ester was confirmed
by HPLC (FIG. 1), and the reaction stopped. Rotovapor dis-
tillation followed by radial chromatography separated the
ester from that of un-reacted (1S, 2S)-aminoalcohol (“the
18,28 MPAC enantiomer”).

[0068] During esterification, should be taken not to exceed
a reaction time of 48 hours since the other enantiomer will
start esterifying as well. HPLC testing for esterification
should be performed to follow the esterification reaction (e.g.,
once every 6-24 hours). Moreover, well-known methods may
be employed to remove the ester group from the esterified
product to generate the 1R,2R amino alcohol. See March’s
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Advanced Organic Chemistry, 2007, incorporated herein by
reference. This enantiomer may alternatively be used to pre-
pare chiral zeolites and columns comprising such zeolites
using the methods taught herein.

Example 4

Preparation of A Chiral Zeolite Column Using the
18,28 MPAC Enantiomer

[0069] The synthesis of chiral zeolites begin with mixing
aminopropyltriethoxysilane (APTS), the 1S,2S MPAC enan-
tiomer and sodium silicate in a 1:1:1 molar ratio. Next, alu-
minum hydroxide was added in a 0.3:1.0 molar ratio com-
pared to that of'silica. The mixture was refluxed for 36 hours.
After reflux, the sample was washed 3 times with 10 mL of
methanol and 10 mL of pentane. The white powder was then
placed in an oven and calcinated for 8 hours at 550° C. After
8 hours, the oven was turned off and slow cooling inside the
oven allowed the sample to reach room temperature within a
few hours. The sample was taken out of the oven for grinding
and it was converted into a fine powder for packing into a
column.

[0070] The powdered gray material exhibited particle sizes
ofless than 1 mm in diameter. The material (3.2 g) was packed
into a 25 cmx4.6 mm stainless steel HPLC column and
mechanically compressed to further the packing. To improve
the packing, direct pressure was applied on the inner boar of
the column with a press and 0.5 g more material was added to
completely fill the column.

[0071] The packed HPLC column was connected between
an HPL.C pump (Spectra Physics, P1500) and detector (Spec-
tra Physics, UV 2000). Prior to running any samples on the
column, an overnight run of isopropyl alcohol (1 mI./min.)
washed any possible impurities and provided a stable base
line for the detector. The flow rate of 1 ml/min. causes a
pressure of about 1000 psi, which further compressed the
materials.

Example 5

Resolution of Racemic trans-2-(1-Methyl-1-phenyl-
ethyl)cyclohexanol (TCC)

[0072] Racemic trans-2-(1-methyl-1-phenylethyl)cyclo-
hexanol (TCC) was resolved using the chiral zeolite column
of Example 4 (85% isopropanol, 15% hexanes; 0.5 m[./min.).
A chromatogram is shown in FIG. 7.

Example 6
Calcination Temperature Studies

[0073] A series of reactions were performed in order to
optimize the temperature for the calcination described in
Example 4. Temperatures were varied from 350, 400, 450,
500, 550, 575, 600 and 650° C. Analysis of the chiral zeolites
after each experiment was performed using Scanning Elec-
tron Microscopy (SEM).

[0074] Below 500° C., the SEM images show little or no
evidence of pores forming in the material. Above 550° C., the
SEM images show evidence of melting by formation of long
tube-like crystals extending into the bulk of the silica with
interconnected channels. The gross morphology upon
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removal of the material calcined at 550° C. from the furnace
is gray and spongy. SEM images at different temperatures are
shown in FIGS. 2-6.

Example 7

Sodium Silicate:1S,2S MPAC Enantiomer Molar
Ratio Study

[0075] The ratio of sodium silicate to the 1S,2S MPAC
enantiomer was varied from the initial 1:1 mole ratio used in
the Examples above. With a calcination temperature of 550°
C., the sodium silicate:1S,2S MPAC enantiomer ratio was
prepared at 1:0.25 and 1:2. Following analysis by SEM and
HPLC resolution of TCC as described in Example 5, it was
determined that the 1:1 ratio was preferred: neither of the
other ratios produced a material that was as porous as the
material prepared at a 1:1 ratio. SEM images are shown in
FIG. 8.

[0076] All of the methods disclosed and claimed can be
made and executed without undue experimentation in light of
the present disclosure. While the methods of this invention
have been described in terms of embodiments, it will be
apparent to those of skill in the art that variations may be
applied to the methods and in the steps or in the sequence of
steps of the method described herein without departing from
the concept, spirit and scope of the invention. All such similar
substitutes and modifications apparent to those skilled in the
art are deemed to be within the spirit, scope, and concept of
the disclosure as defined by the appended claims.
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What is claimed is:

1. A packing material for liquid chromatography compris-
ing zeolites, wherein the zeolites comprise a plurality of
chiral pores.

2. The packing material of claim 1, wherein the chiral pores
are formed by evaporation or degradation of a chiral organic
compound having a molecular weight of about 200-700
g/mol.

3. The packing material of claim 2, wherein the chiral

organic compound is further defined as a compound of for-
mula (I):

RZ\B/ ¥
|

D\ /G\

HO
b

wherein:

A, B, D, E and G are each independently carbon or
nitrogen;

R,-R; are each independently absent, hydrogen, or alkyl
(c<ay» Wherein if any of A, B, D, E, or G is nitrogen,
then R -Rs is absent;

Ry is alkyl cay;

R;-R,, are each independently hydrogen, or alkyl c_4);

the bonds marked “a” and “b” are cis or trans to one
another; and

n=0 or 1, such that when n=0, then the ring marked as
“B” is a five-membered ring, and when n=1, the ring
marked as “B” is a six-membered ring.

4. The packing material of claim 3, wherein at least four of
R,-R, and R4-R, are hydrogen.

5. The packing material of claim 3, wherein each of R;-Rg
and R4-R,, is hydrogen.

6. The packing material of claim 3, wherein R is methyl.

7. The packing material of claim 3, wherein one or two of
A, B, D, E and G are nitrogen.

8. The packing material of claim 3, wherein each of A, B,
D, E and G are carbon.

9.The packmg material of claim 3, wherein the “a” and “b”
bonds are cis.

“g”

10. The packing material of claim 3, wherein the and

“b” bonds are trans.
11. The packing material of claim 3, wherein n=1.
12. The packing material of claim 3, wherein n=0.
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13. The packing material of claim 3, wherein the com-
pound of formula (1) is further defined as

: N,
Ho\““r :

(18,28)-2-(methyl(phenyl)amino)cyclohexanol or

©/ N:O
HO

(1R,2R)-2-(methyl(phenyl)amino)cyclohexanol.

14. The packing material of claim 1, wherein the packing
material has been calcinated at temperatures ranging from
about 525-575° C.

15. The liquid chromatography column of claim 1, wherein
the liquid chromatography is further defined as high perfor-
mance liquid chromatography (HPLC).

16. A liquid chromatography column comprising a packing
material that comprises zeolites, wherein the zeolites com-
prise a plurality of chiral pores.

17. The liquid chromatography column of claim 16, further
defined as a high performance liquid chromatography col-
umn.

18. The liquid chromatography column of claim 17,
wherein the high performance liquid chromatography col-
umn is further defined as a normal phase high performance
liquid chromatography column.

19. The liquid chromatography column of claim 17,
wherein the high performance liquid chromatography col-
umn is further defined as a reversed-phase high performance
liquid chromatography column.

20. The liquid chromatography column of claim 16,
wherein the chiral pores are formed by evaporation or degra-
dation of a chiral organic compound having a molecular
weight of about 200-700 g/mol.

21. The liquid chromatography column of claim 16,
wherein the chiral organic compound is further defined as a
compound of formula (I)

R

2\]|3/ \‘/
D 20

R/\

wherein:

A, B, D, E and G are each independently carbon or
nitrogen;

R,-R; are each independently absent, hydrogen, or alkyl
(c=ay, wherein if any of A, B, D, B, or G is nitrogen,
then R -Rs is absent;

Re is alkyl cos);

R;-R,, are each independently hydrogen, or alkyl c_4);
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the bonds marked “a” and “b” are cis or trans to one
another; and
n=0 or 1, such that when n=0, then the ring marked as
“B” is a five-membered ring, and when n=1, the ring
marked as “B” is a six-membered ring.
22. A method of making a packing material for liquid
chromatography comprising:
(a) forming a first mixture by combining sodium silicate
and a compound of formula (I)

R

2\]|3/ Y
D /G

Ry OE

wherein:
A, B, D, E and G are each independently carbon or
nitrogen;
R,-R; are each independently absent, hydrogen, or alkyl
(c=ay, wherein if any of A, B, D, B, or G is nitrogen,
then R, -R is absent;

Re is alkyl cos);
R;-R,, are each independently hydrogen, or alkyl c_4);
the bonds marked “a” and “b” are cis or trans to one

another; and

n=0 or 1, such that when n=0, then the ring marked as
“B” is a five-membered ring, and when n=1, the ring
marked as “B” is a six-membered ring;

(b) adding AI** to the first mixture to form a second mix-

ture;

(c) refluxing the second mixture; and

(d) calcinating the second mixture to form the packing

material.

23. The method of claim 22, further comprising packing a
liquid chromatography column with the packing material.

24. The method of claim 22, further comprising adding
aminopropyltriethoxysilane (APTS) to either the first or sec-
ond mixture before refluxing.

25. The method of claim 24, wherein the molar ratio of
aminopropyltriethoxysilane to the compound of formula (I) is
about 1:1.

26. The method of claim 22, further comprising washing
the second mixture with at least one organic solvent.

27. The method of claim 26, wherein the organic solvent is
a polar solvent.
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28. The method of claim 26, wherein the organic solvent is
a non-polar solvent.

29. The method of claim 22, wherein the molar ratio of
sodium silicate to the compound of formula (I) is about 1:1.

30. The method of claim 22, wherein the molar ratio of AI**
to total silica ranges from about 0.1:1 to 1:1.

31. The method of claim 30, wherein the molar ratio of AI**
to total silica ranges from ranges from about 0.3:1.

32. The method of claim 22, wherein calcination is per-
formed at a temperature ranging from about 525-575° C.

33. The method of claim 22, wherein the compound of
formula (1) is further defined as trans-2-(N-methyl-N-pheny-
lamino)cyclohexanol.

34. The method of claim 33, wherein trans-2-(N-methyl-
N-phenylamino)cyclohexanol is further defined as 1S,2S-2-
(N-methyl-N-phenylamino)cyclohexanol.

35. A method of liquid chromatographic separation of at
least two components comprised in a liquid composition,
comprising subjecting the liquid composition to the packing
material of claim 1.

36. The method of claim 35, wherein at least two of the
components are enantiomers.

37. The method of claim 35, wherein the packing material
of'claim 1 is comprised in a liquid chromatography column.

38. The method of claim 37, wherein the liquid chroma-
tography column is further defined as a normal phase liquid
chromatography column.

39. The method of claim 37, wherein the liquid chroma-
tography column is further defined as a reversed-phase liquid
chromatography column.

40. The method of claim 35, wherein the liquid chroma-
tography column is further defined as an HPL.C column.

41. An isolated compound defined as 1S,28-2-(N-methyl-
N-phenylamino)cyclohexanol.

42. A method of making isolated 1S,2S-2-(N-methyl-N-
phenylamino)cyclohexanol comprising:

(a) preparing a first mixture comprising 1S,2S-2-(N-me-
thyl-N-phenylamino)cyclohexanol and 1R,2R-2-(N-
methyl-N-phenylamino)cyclohexanol;

(b) combining the first mixture with a C,-Cs, fatty acid to
form a second mixture that comprises an ester of 1R,2R-
2-(N-methyl-N-phenylamino)cyclohexanol; and

(c) reacting the second mixture with Candida rugosa
lipase; and

(d) isolating 18S,2S-2-(N-methyl-N-phenylamino)cyclo-
hexanol.

43. The method of claim 42, further comprising monitoring

the reaction of step (c) for the production of an ester of
1R,2R-2-(N-methyl-N-phenylamino)cyclohexanol.
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